MOL #106401

Introduction
Epilepsy is most commonly treated by drugs that inhibit voltage-dependent sodium channels, including carbamazepine, diphenyhydantoin, and lamotrogine (Rogawski and Loscher, 2004) . These "classic" sodium channel-blocking antiseizure drugs all inhibit sodium channels in a state-dependent manner, with higher affinity binding to the inactivated state of the channel than to the resting state (Catterall, 1999) . Carbamazepine, diphenylhydantoin, and lamotrigine all appear to share the same binding site (Kuo, 1998) , which has been localized to the pore of the sodium channel, formed by amino acid residues in the S6 regions of domains I, III, and IV (Ragsdale et al., 1994; 1996; YarovYarovoy et al. 2001 YarovYarovoy et al. , 2002 ; reviewed by Catterall and Swanson, 2015) .
Lacosamide is a relatively new antiseizure agent approved in the US and Europe for adjuvant treatment of partial onset seizures (Beyreuther et al., 2007; Cross and Curran, 2009; Rogawski et al., 2015) . Lacosamide appears to act by sodium channel inhibition (Errington et al., 2008; Sheets et al., 2008; reviewed by Rogawaski et al., 2015) .
However, experiments examining the mechanism of lacosamide block of neuronal sodium channels suggested that the interaction of lacosamide with sodium channels is fundamentally different from that of the classic antiepileptic drugs in that lacosamide appears to selectively bind to the slow-inactivated state of the channel (Errington et al., 2008; Sheets et al., 2008; Niespodziany et al. 2013) , suggesting a different binding site and novel mode of action. Recently, Wang and Wang (2014) investigated lacosamide interaction with human cardiac Nav1.5 channels which have less pronounced slow inactivation compared to neuronal channels (Richmond et al., 1998; O'Reilly et al., 1999) .
They found effective lacosamide block of cardiac sodium channels, including moderately
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5 strong open channel block of channels modified to be inactivation-deficient, and most surprisingly, they found that mutation of an S6 residue involved in binding of local anesthetics completely eliminated lacosamide block of the channels, suggesting overlapping binding sites.
Because of these conflicting pictures for lacosamide interaction with neuronal and cardiac sodium channels, we have further examined lacosamide interaction with neuronal sodium channels, using Nav1.7 channels, one of the isoforms in which previous experiments suggested binding to a slow-inactivated state (Sheets et al., 2008) . Using protocols designed to distinguish between selective binding to slow-inactivated states and slow binding to fast-inactivated states, we conclude that lacosamide interaction with Nav1.7 channels can best be explained in terms of slow binding to fast-inactivated states rather than selective binding to slow-inactivated states. Consistent with this, we find that binding of lidocaine or carbamazepine can prevent binding of lacosamide, consistent with a shared or overlapping binding site. 
Materials and Methods
Cell culture HEK 293 cells stably expressing human Nav1.7 channel (Liu et al., 2012) were grown in Minimum Essential Medium (ATCC) containing 10% fetal bovine serum (Sigma) and penicillin/streptomycin (Sigma) under 5% CO 2 at 37°C. For electrophysiological recording, cells were grown on coverslips for 12 to 24 h after plating.
Electrophysiology Whole-cell recordings were obtained using patch pipettes with resistances of 2-3.5 MΩ when filled with the internal solution, consisting of 61 mM CsF, 61 mM CsCl, 9 mM NaCl, 1.8 mM MgCl 2 , 9 mM EGTA, 14 mM creatine phosphate (tris salt), 4 mM MgATP, and 0.3 mM GTP (tris salt), 9 mM HEPES, pH adjusted to 7.2 with CsOH. The shank of the electrode was wrapped with Parafilm in order to reduce capacitance and allow optimal series resistance compensation without oscillation. Seals were obtained and the whole-cell configuration established with cells in Tyrode's solution consisting of 155 mM NaCl, 3.5 mM KCl, 1.5 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES, 10 mM glucose, pH adjusted to 7.4 with NaOH. After establishing whole-cell recording, cells were lifted off the bottom of the recording chamber and placed in front of an array of quartz flow pipes (250 µm internal diameter, 350 µm external). Recordings were made using a base external solution of Tyrode's solution with 10 mM TEACl.
Solution changes were made (in < 1 second) by moving the cell between adjacent pipes.
Lacosamide was purchased from AK Scientific, and carbamazepine, diphenylhydantoin, lidocaine, and brilliant blue G from Sigma.
The amplifier was tuned for partial compensation of series resistance (typically 70-80% of a total series resistance of 4-10 MΩ), and tuning was periodically re-adjusted This article has not been copyedited and formatted. The final version may differ from this version. were digitized using a Digidata 1322A data acquisition interface controlled by pClamp9.2 software (Axon Instruments) and analyzed using programs written in Igor Pro 6 (Wavemetrics, Lake Oswego, OR), using DataAccess (Bruxton Software) to read pClamp files into Igor Pro. Currents were corrected for linear capacitative and leak currents, which were determined using 5 mV hyperpolarizations delivered from the resting potential (usually -100 or 120 mV) and then appropriately scaled and subtracted. Data are given as mean ± S.E.M., and statistical significance was assessed using Student's paired T-test.
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Results
Lacosamide inhibition is potentiated at depolarized holding potentials HEK 293 cells expressing Nav1.7 channels were voltage clamped in the whole-cell configuration, and peak current was evoked by 30-ms test pulses to -20 mV delivered from steady holding potentials ranging from -70 to -120 mV. At a holding potential of -70 mV, near the typical resting potential of a neuron, 100 µM lacosamide reduced the sodium current by 61  1% (Fig. 1A, left; n=8) . However, when cells were held at more hyperpolarized holding potentials, block was significantly less dramatic, producing inhibition by 43  4% (n=9) when tested from -80 mV, by 11  2% (n=6) from -100 mV, and by only 3  1% (n=9) when tested from -120 mV (Fig. 1A, right) . The difference in blocking potency at the different holding potential can be explained if lacosamide binds more tightly to the inactivated state of the Nav1.7 channel than to the closed "resting" state. Figure 1C shows an example of the time-course of lacosamide inhibition when tested with depolarizing pulses delivered from -70 mV. The time-course of inhibition could be approximated reasonably well with a single exponential, with an average time constant of 22 ± 2.2 s (n=8). Recovery from inhibition occurred with a similar time course, with an average time constant of 19 ± 2.7 s (n=4). The onset and offset of lacosamide inhibition is far slower than that of lidocaine or carbamazepine, which inhibit and reverse within 1-2 seconds. This suggests that lacosamide binds and unbinds from channels much more slowly than either lidocaine or carbamazepine, if it binds to the fast-inactivated state as do lidocaine and carbamazepine. However, if lacosamide interacts preferentially with a This article has not been copyedited and formatted. The final version may differ from this version. 
Lacosamide shifts the midpoint of the fast inactivation curve
One of the most striking phenomenological differences previously reported between lacosamide and other classic anticonvulsants is that lacosamide was found to have no effect on the voltage dependence of the fast inactivation curve (Sheets et al., 2008) . We examined this point, determining the voltage dependence of fast inactivation using 100-ms steps to various voltages from -120 to -40 mV followed by a test pulse to -20 mV.
The voltage-dependence of inactivation could be fit well by a Boltzmann function, and it was reversibly shifted in the hyperpolarizing direction in the presence of 100 µM lacosamide ( Figure 2 ). In 13 cells in which the fast inactivation curve was determined in control and after application of 100 µM lacosamide, the midpoint shifted by an average of -9.1 ± 1.2 mV, from -60 ± 2 mV in control to -69 ± 1.9 mV in 100 µM lacosamide.
There was little effect on the steepness of the curve, which had a slope factor of 9.4 ± 0.7 mV in control and 9.3 ± 0.3 mV in 100 µM lacosamide. These results suggested that lacosamide binds to the fast-inactivated state.
Lacosamide slows recovery from inactivation
We next examined the effect of lacosamide on the time course of recovery from inactivation. In the first series of experiments (Fig. 3A) , we examined recovery at a holding potential of -120 mV after a short (20-ms) prepulse to -20 mV. In control, the time course of recovery had a rapid phase plateauing at 92% recovery that was fit by a single exponential with a time constant of 2.5  0.4 ms (n=7). Recovery was slightly After inactivation induced by a 10-s depolarization to -20 mV, recovery from inactivation had a biphasic time course in both control and with 100 µM lacosamide.
Both phases of recovery were slower in lacosamide. In control, the initial phase comprised 73  4% of the total and had a time constant of 88  27 ms, followed by a slower phase with a time constant of 650  111 ms (n=7). In 100 µM lacosamide, the initial phase comprised 72  1% of the total and had a time constant of 208  68 ms, followed by a slow phase with a time constant of 1.9  1 s (n=7). Thus, both phases were 2-3 times slower in the presence of lacosamide.
Voltage dependence of slowly-recovering channels before and after lacosamide
Lacosamide was proposed to inhibit sodium channels by binding selectively to slowinactivated states (Errington et al., 2008; Sheets et al., 2008; Niespodziany et al., 2013) . Figure 4 shows the effect of lacosamide using a voltage protocol that assays the fraction of channels that recovers from inactivation slowly. A 5-s prepulse to various voltages was followed by a 100-ms recovery interval at -120 mV to allow complete recovery from fast inactivation followed by a test pulse to -20 mV (Fig. 4A) . In control, 30  6% of channels recovered slowly after a 5-s pulse to +20 mV, and the slowly-recovering fraction of channels was increased to 50  6% in 100 µM lacosamide (n=6). Lacosamide also altered the voltage-dependence with which channels entered the slowly-recovering fraction. The voltage at which entry into slowly-recovering states was half-maximal changed from -33  3 mV in control (n=6) to -50  3 mV in 100 µM lacosamide (n=6). There are two possible explanations for lacosamide enhancement of the slowlyrecovering fraction of channels. One is that lacosamide binds to the slow-inactivated state and thereby (by mass action) increases the total fraction of channels recovering slowly. This is the interpretation previously given. A second possible interpretation is that lacosamide binds to the fast-inactivated state and that lacosamide-bound fast-inactivated channels recover slowly. Both mechanisms can produce enhancement of slowlyrecovering fractions of channels and can be difficult to distinguish (Karoly et al., 2010) .
In our data, the voltage-dependence with which lacosamide enhances the fraction of slowly-recovering channels seems more consistent with binding to fast-inactivated channels. If lacosamide bound to slow-inactivated channels (which are populated ~ 5% after a 5-sec pulse to -70 mV and ~30% after a 5-s pulse to +20 mV), the enhancement of slowly-recovering channels would increase monotonically with the fraction of channels in the slow-inactivated state in control. In fact, however, the lacosamide enhancement of the slowly-recovering fraction (red curve in Figure 4 ) was maximal for steps to near -30 mV, with less enhancement of slowly-recovering channels for steps to more depolarized voltages. At -30 mV, where lacosamide enhancement of slowly-recovery channels is maximal, fast inactivation has saturated but slow inactivation is not yet maximal. The voltage-dependence of the lacosamide enhancement of slowly-recovering channels is very similar to the voltage-dependence of fast inactivation (blue and green curves for control and with 100 µM lacosamide, respectively).
Time course of entry into slowly-recovering states
Next, we tested the kinetics with which channels enter into slowly-recovering states in control and in the presence of lacosamide. Examination of kinetics can help distinguish slow binding to fast-inactivated channels from selective binding to slow-inactivated channels (Karoly et al., 2010) . We compared the kinetics of entry into slowly-recovering states at two different voltages, -40, where fast inactivation is complete but slow inactivation is not, and at 0 mV, where slow inactivation is maximal. At -40 mV in control, channels entered slowly-recovering states relatively slowly, increasing to 24  4% after 16 s at -40 mV. In the presence of 100 µM lacosamide, the fraction of slowlyrecovering channels at -40 mV doubled, increasing to 49  5% after 16s. At 0 mV in control, 48  4% channels entered slowly-recovering states after 16 s. Interestingly, with 100 µM lacosamide at 0 mV, there was very little enhancement in the fraction of channels that reached slowly-recovering states after 16 s at 0 mV (52  7%). However, the entry into slowly-recovering states at 0 mV was substantially faster in 100 µM lacosamide (time constant of 2.0  0.2 s) than in control (time constant of 3.5  0.5 s, n=6).
Thus, in the presence of lacosamide, the fraction of slowly-recovering channels after 16 seconds is very little greater at 0 mV than at -40 mV, even though there is much more occupancy of slow-inactivated states in control at 0 mV compared to -40 mV. Also, the fraction of slowly-recovering channels after 16 s at 0 mV is only slightly more in lacosamide (52%) than in control (49%) but the entry into slowly-recovering states occurs faster in lacosamide. Both sets of observations suggest that the slowly-recovering states in lacosamide result mainly from lacosamide binding to fast-inactivated states. The near lack of effect of lacosamide on the fraction of slowly-recovering channels following long depolarizations to 0 mV is similar to results of Niespodziany et al. (2013) , who saw little effect of lacosamide on the steady-state fraction of slowly-recovering channels after Previously, we have analyzed interaction of the dye brilliant blue G (BBG) with sodium channels in the N1E-115 cell line (mainly Nav1.3 channels) and concluded that BBG binds with fairly high affinity to both fast and slow-inactivated states, with higher affinity (K d ~ 0.2 µM) to slow-inactivated states than fast-inactivated states (K d ~ 5 µM) (Jo and Bean, 2011) . BBG therefore offers a comparison with an agent that interacts most strongly with slow-inactivated states. Using the same protocol as in Figure 5A , we analyzed the entry of channels into slowly-recovering states in the presence of BBG. The results with BBG were strikingly different than with lacosamide. BBG (3 µM) enhanced the slowly-recovering fraction of channels after 16 seconds at 0 mV quite dramatically (from 48  4% in control to 77  5% in 3 µM BBG, n=6), in contrast to the minimal steady-state effect of lacosamide at 0 mV. The different characteristics seen with lacosamide and BBG results seem consistent with BBG binding tightly to both slow and fast-inactivated states and lacosamide binding mainly to fast-inactivated states.
Rapid component of lacosamide enhancement of fast-inactivation
The results in Figure 5 show that lacosamide enhancement of slowly-recovering channels develops relatively slowly, over seconds, suggesting relatively slow binding to inactivated states. However, lacosamide produced a hyperpolarizing shift of the inactivation curve determined by 100-ms prepulses, suggesting that there must be significant binding of lacosamide within 100 msec. To explore this point further, we examined the time-course with which lacosamide enhanced inactivation at -80 mV, a voltage at which inactivation is only partial and would be expected to reflect almost This article has not been copyedited and formatted. The final version may differ from this version. Figure 6A shows an experiment measuring the time course with which channels become unavailable during a step to -80 mV, as assayed by a test step to -20 mV. In control, the time course of inactivation developed with a biphasic time course. A fraction (34%) of the channels inactivated with a time constant of 62 ms and a smaller fraction (14%) of channels inactivated with a slower time constant of 6279 ms. In the presence of 100 µM lacosamide, the total fraction of channels that inactivated during the 10-s pulse increased from 48% to 72%, with increases in both the faster-inactivating fraction (34% to 50%, time constant of 50 ms in lacosamide) and the slower-inactivating fraction (14% to 22%, time constant of 4183 s in lacosamide). In collected results from 6 cells, the total fraction of channels inactivating during 10 s at -80 mV increased from 42  4% in control to 63  6% in 100 M lacosamide, with an increase in both the rapidly inactivating fraction from 33  4% in control (with time constant of 63  4 ms) to 44  6% (with time constant of 56  5 ms) in 100M lacosamide and also an increase in the slowly-inactivating fraction, from 9  1% in control (with time constant of 3003  1226 ms) to 19  3% (with time constant of 4403  737 ms) in 100 M lacosamide.
These results suggest that there is indeed a phase of rapid binding of lacosamide to inactivated channels, producing a loss of available channels within 100 ms, consistent with the shift in the inactivation curve determined with 100-ms prepulses (Figure 2 ). These results suggest that, at least at -80 mV, lacosamide binds to channels with both a relatively fast phase occurring within 25-100 msec and a slower phase continuing over many seconds. In principle, these two phases of development of lacosamide inhibition might be associated with binding to distinct gating states of the channel. To examine this, we asked whether the two phases of lacosamide inhibition were associated with the same or different kinetics of recovery of available channels ( Figure 6C, 6D) . After 100-msec pulses to -80 mV, channels in control recovered with a time constant of 4.4  0.6 msec at -120 mV. In the presence of 100 M lacosamide , the kinetics of recovery were only Lidocaine or carbamazepine prevents the Nav1.7 current inhibition by lacosamide Next, we did experiments to test whether lacosamide binds to the same binding site as lidocaine and carbamazepine, which interact with a common binding site in the pore region involving S6 segments from D1, D3, and D4 (Ragsdale et al., 1994 , 1996; Yarov-Yaovoy et al., 2001; Yang et al., 2010) . The experiment was designed to test whether lidocaine or carbamazepine binding prevents lacosamide binding. Figure 6 shows the experimental protocol using lidocaine and lacosamide. If lacosamide binds to a site independent of lidocaine, then the degree of block by lacosamide should be the same regardless of previous occupancy by lidocaine producing partial block. For example, if half the channels are occupied by lidocaine, addition of lacosamide will result in binding to both lidocaine-bound and lidocaine-free channels to exactly the same extent, and will reduce the current by exactly the same percentage as if it were added to channels in the absence of lidocaine. On the other hand, if lacosamide binds to the same site as lidocaine, lacosamide will be unable to bind to channels already occupied by lidocaine, and the percentage reduction in current will be less than if lacosamide were applied alone. The experiment used a voltage protocol in which binding of both lidocaine and lacosamide was enhanced by 1-s pulses to -40 mV, delivered every 3 sec, with a steady holding voltage of -80 mV, and using a test pulse to 0 mV to assay the fraction of unblocked channels. With this protocol, 100 M lacosamide alone ( Figure 7A ) reduced current by an average of 27  4% (n=6) after a minute, inhibiting with a relatively slow time course.
Application of 300 M lidocaine alone reduced current almost immediately (within 3 seconds) and inhibited current by an average of 77  3% (n=6). When 100 M lacosamide was applied on top of lidocaine, there was almost no additional inhibition (inhibition of 4  3%, n=5, measured relative to the current in lidocaine just before the addition of lacosamide). When lidocaine was removed in the continuing presence of lacosamide, there was an immediate recovery of current that was then followed by a reduction occurring over about a minute. Our interpretation of this time-course is that 
Discussion
Our results suggest that lacosamide binds tightly to fast-inactivated states of voltagedependent sodium channels, rather than binding exclusively or preferentially to slowinactivated states. The evidence includes: 1) Lacosamide shifts the voltage-dependence of fast inactivation (determined by 100 msec prepulses) in the hyperpolarizing direction; 2) Lacosamide inhibition is strongly enhanced at a holding potential of -80 mV, where a fraction of channels are in fast-inactivated states but there is no apparent slow inactivation. 3) Lacosamide enhances the fraction of slowly-recovering channels more at -40 mV (where fast inactivation is complete but slow inactivation is not) than at 0 mV (where a larger fraction of channels is in slow-inactivated states). 4) With long prepulses to 0 mV, the fraction of channels in slowly-recovering states was only slightly increased by lacosamide, but the rate of entry into these states (a combination of drug-free slowinactivated states and slowly-recovering drug-bound channels) was faster. This is inconsistent with selective lacosamide binding to slow-inactivated states, which would be rate-limited by the formation of slow-inactivated states. 5) Lacosamide binding can be prevented by lidocaine and carbamazepine, which bind to fast-inactivated states (Karoly et al., 2010) .
The small shift induced by lacosamide in the fast-inactivation curve was not evident in a previous study with Nav1.7 channels (Sheets et al., 2008) , probably because unpaired population comparisons were made and the small shift we saw might well be obscured.
An effect of lacosamide on the fast-inactivation curve has also been recently reported for channels in N1E-115 cells (Hebeisen et al., 2013) and cloned Nav1.2 channels coexpressed with 1 subunits (Abdelsayed et al., 2013) . The terminology "binds to the fast-inactivated state" for drugs like lidocaine and lacosamide is convenient but imprecise. A more precise view is that the binding site for drugs like lidocaine is formed or revealed when channels undergo activation, i.e. S4 segments of the pseudosubunits move from more internal to more external positions (Vedantham and Cannon, 1999; Sheets and Hanck, 2007; Fozzard et al., 2011) . These S4 movements promote inactivation (Kuo and Bean, 1994a; Ahern et al., 2016) , so the voltage-dependence and kinetics of formation of the high-affinity binding site for drugs like lidocaine roughly parallels the development of inactivation, even though inactivation per se is not required for high-affinity drug binding (Wang et al., 2004) .
Lacosamide binding may actually hinder entry of channels into slow-inactivated states. There was almost no enhancement by lacosamide of the total fraction of slowlyrecovering channels after a 16-s depolarization to 0 mV, where slow inactivation in control is maximal but only about 50%. Even without lacosamide binding to slowinactivated states, one might expect binding to fast-inactivated states to increase the total slowly-recovering fraction by introducing a new slowly-recovering fraction of channels, unless binding to fast-inactivated states reduces entry into slow-activated states.
Interestingly, Sheets and colleagues (2011) discovered that the interaction of lidocaine with Nav1.7 channels does hinder the transition to slow inactivation (although not preventing it completely). Our data suggests that lacosamide may also hinder entry into slow-inactivated states.
The ability of pre-exposure to lidocaine to prevent binding of lacosamide (Figure 7 ) is most simply interpreted as direct competition for binding to the same site. In principle, the effect could be less direct, for example if lacosamide binding required slow- However, additional evidence for lacosamide binding to the same site as lidocaine comes from recent experiments (Wang and Wang, 2014) showing reduced lacosamide inhibition of human cardiac sodium channels with a D4S6 mutation that also reduces inhibition by lidocaine, carbamazepine, and phenytoin (Ragsdale et al., 1994; Ahern et al., 2008; Yang et al., 2010) . For all the drugs, it appears that binding to the resting state of the channel is very weak and that a high-affinity binding site is formed when channels are depolarized.
The key difference is the rate of binding to this site, which is far slower with lacosamide than for lidocaine, carbamazepine, or other sodium channel-inhibiting antiepileptic drugs like phenytoin or lamotrigine (Kuo and Bean, 1994b; Qiao et al., 2014) .
The shift in the inactivation curve determined by 100-ms prepulses implies significant binding of lacosamide within 100 msec, even though lacosamide induction of slowlyrecovering states of the channel developed much more slowly, over many seconds.
Indeed, the results in Figure 6 show a rapid phase with which lacosamide produced nonavailable channels at -80 mV. This channel state recovered availability quickly (time constant of ~ 7 msec at -120 mV), in contrast to a state produced by lacosamide binding over many seconds at -80 mV, which recovered slowly (time constant of ~800 ms). The slowly recovering state is unlikely to represent lacsoamide binding to slow inactivated channels, because in control there was no evidence of slowly-recovering channels at -80 mV even after long (10-s) pulses. In principle, tight binding of lacosamide to slowinactivated states could shift the voltage-dependence of slow inactivation enough to induce apparent slow inactivation where none was evident in control, but this seems unlikely because of the minimal enhancement by lacosamide of slowly-recovering states Fast inactivation of the sodium channel involves movement of the cytoplasmic loop linking pseudo-subunit domains III and IV ("III-IV linker") to occlude the inner pore region (Stühmer et al., 1989; Patton et al., 1992; West et al., 1992; Ahern et al., 2016) .
This occlusion probably prevents compounds like lidocaine and lacosamide from entering and exiting the intracellular mouth of the pore when the channel is inactivated. An alternative pathway for entry and exit to the binding site in the pore may be provided by a "fenestration" noted in the protein structure of a bacterial sodium channel (Payandeh et al., 2011) , which could allow access to the channel pore by entry of hydrophobic drugs directly from the lipid membrane, as earlier proposed for the neutral form of lidocaine (Hille, 1977) Despite the existence of a fast-binding and fast-unbinding pathway for lacosamide that accounts for the small shift in the fast-inactivation curve, the slow binding and unbinding processes are likely much more significant for lacosamide inhibition under most circumstances. Since the state produced by fast binding also recovers availability fast, it is unlikely to contribute to use-dependent block with repetitive firing, which develops very slowly (Errington et al., 2008) . And when applied at a steady holding voltage of -70 mV, near a normal resting potential, lacosamide inhibition developed slowly, with a time constant of ~20 s, suggesting that slow-binding pathways are most important. In contrast, with the same protocol, lidocaine inhibition develops far faster, within a few seconds, and also reverses similarly rapidly (data not shown).
An extensive series of compounds related to lacosamide has been developed, which have a considerable range of kinetics of state-dependent interactions with sodium channels (Wang et al., 2011a,b; Lee et al., 2014; Park et al., 2015) . Systematically comparing the kinetics of state-dependent binding and unbinding of this series with their structural differences may offer insight into molecular mechanisms, for example exploring the hypothesis that the speed of binding and unbinding to inactivated channels could reflect structural constraints on movement of different sized molecules through a side fenestration in the channel. Legends for Figures   Fig. 1 . Lacosamide inhibition of Nav1.7 channels. A, Effect of 100 M lacosamide on current evoked at -20 mV when applied from a steady holding potential of -70 mV (left) or -120 mV (right). B, Average inhibition (mean  SEM) by 100 M lacosamide tested with steady holding potentials of -120 (n=9), -100 (n=6), -80 (n=9) and -70 mV (n=8).
Lacosamide was applied for 30-60 sec to reach steady-state block. C, Time-course of development and recovery from lacosamide applied at a holding potential of -70 mV (sodium current evoked by 30 ms test pulses to -20 mV delivered every second). holding potential of -120 mV. A 100-ms interval a -120 mV then allowed for recovery of fast-inactivated channels, and the fraction of channels remaining in slowly-recovering states was assayed by a pulse to 0 mV. Control, black symbols (n=13). 100 M lacosamide, red symbols (n=6). B, Entry into slowly-recovering states at -40 mV and 0 mV with the same protocol, comparing control (black symbols, n=13) and with 3M brilliant blue G (BBG, blue symbols, n=6). inhibition by 100 M lacosamide applied alone (27  4%, n=6) or in the presence of 300 M lidocaine (4  3%, n=5, measured relative to current in lidocaine alone just before addition of lacosamide) or in the presence of 300 M carbamazepine (6  4%, n=4, measured relative to current in carbamazepine alone just before addition of lacosamide ).
Block by lacosamide was measured after a 1-minute application in each case.
